B
oth feces and urine are vehicles for sulfur excretion. Three forms of sulfur, inorganic sulfate (principal), etheral (ether origin) sulfur, and neutral sulfur, are found in urine (Maynard and Loosli, 1969) . Fecal sulfur is of endogenous (plant) origin (Fontenot and Church, 1979) .
As manure decomposes anaerobically, its organic sulfur portion decreases as the proteins and amino acids (methionine, cystine, and cysteine) containing sulfur break down. The resulting sulfur is used as an electron acceptor to form sulfide compounds. Sulfur, like nitrogen, is contained in numerous compounds at various states of reduction/oxidation. For example, sulfur has a +6 charge as a sulfate anion, a +4 charge as gaseous sulfur dioxide and a sulfite anion, no charge as elemental sulfur, and a (-2 charge as a sulfide anion.
In the process of degrading long-chain organic compounds containing sulfur, intermediate compounds are formed that can volatilize and create odor. More than 27 of these sulfur-containing compounds have been identified, including various mercaptans, thiols, and disulfides (table 1) . Organic sulfur compounds can be classified into three categories: Sulfides -S Mercaptans -SH Thiophene C --C   C C \ / S Unfortunately, sulfur transformations (reduction, immobilization, mineralization, and oxidation) have not been studied as extensively as nitrogen transformations have been investigated, primarily because sulfur generally is not used as a commercial fertilizer and is difficult to analyze in a laboratory.
Under anaerobic conditions, the primary route of hydrogen sulfide (H 2 S) formation is the mineralization transformation of organic compounds containing sulfur. In this process, intermediate sulfur-containing compounds are generated. This can be illustrated by the hydrolization of the amino acid methionine to methyl mercaptan (MM) and then to methyl alcohol, generating H 2 S (ASCE, 1989) With the other transformation steps, bacterial reduction (dissimilatory or respiratory reduction) is the process of various bacteria using sulfur as an electron acceptor with various organic compounds (organic acids, fatty acids, and alcohols) used as electron donors. Immobilization (assimilatory reduction) involves incorporation of sulfur in cellular organic constituents and is limited by slow microbial growth. Sulfur oxidation generally does not occur during the anaerobic process found in manure storages.
LITERATURE REVIEW ASAE (1998) indicates that sulfur excreted in fresh manure is 51 g (standard deviation of 10 g) and 76 g (standard deviation of 40 g) per 1000-kg live animal mass per day for dairy and swine, respectively. A literature search by O'Neill and Phillips (1992) identified 168 odorous compounds associated with livestock. Six of the 10 compounds with the lowest odor detection thresholds contained sulfur. Avery et al. (1975) collected eight air samples per day for 10 days over a three-week period in six swine production units and reported H 2 S was highly correlated with average outside air temperature, ratio of pit surface area to building volume, air retention time, and daily sulfur intake. Hobbs et al. (1999) determined H 2 S emission rate decreased from 100 to 28 g/m 2 d at the end of the 112-day study of stored swine manure. Hobbs also concluded this 1230 TRANSACTIONS OF THE ASAE emission rate was higher than rates for methane and ammonia, and there was no correlation with odor concentration emission rate.
After studying nine types of manures, Banwart and Bremmer (1975) indicated that all nine types released H 2 S, MM, and dimethyl sulfide (DMS) under anaerobic conditions, while some released dimethyl disulfide (DMDS), carbonyl sulfide (COS), and/or carbon disulfide (CS 2 ). H 2 S and MM accounted for 70 to 97% of the total sulfur volatilized. For poultry and swine, the amount of MM evolved exceeded the amount of H 2 S produced. Sulfur volatilized within the first 30 days of storage represented only 0.02 to 0.53% of the total sulfur in the manure. Beard and Guenzi (1983) reported volatile sulfur compounds are related to the redox potential. They determined most of these compounds were produced under anaerobic conditions between 0 and -200 mV in beef-cattle slurry. Most of the emanating sulfur was in the forms of H 2 S (39%), MM (34%), and DMS (21%).
The ratio of sulfur in feces and urine is approximately 50:50, with diets containing higher sulfur levels shifting the balance of sulfur excretion toward urine (Bouchard and Conrad, 1973) . Stevens et al. (1993) Amoore and Hautala, 1983; EPA, 1985; Lenga and Votoupal, 1992; O'Neill and Phillips, 1992; Verschueren, 1977; WEF, 1995. † Chemical Abstract Service registry number. ‡ Top or single number is detection threshold; bottom number is recognition threshold. Note that individuals vary in threshold levels and there is no standard for acceptable reporting of values as to detection, recognition, threshold, dilution concentration, etc. The most comprehensive reference is O'Neill and Phillips (1992). Spoelstra (1980) indicated that H 2 S and MM are the most frequently reported sulfur compounds in swine manure, with the other sulfur compounds present only in trace amounts. Only trace amounts of reduced sulfur compounds are found in air, as these compounds are very reactive and quickly oxidized. Spoelstra further stated that the primary origin of H 2 S in manure is the reduction of sulfate, which is the primary form of sulfur excreted in urine. The reduction of sulfate to sulfide was characterized by (Sawyer and McCarty, 1978) :
Sulfate-reducing bacteria can also produce trace amounts of CS 2 ; COS; and methyl, ethyl, and propyl mercaptans (Spoelstra, 1980) . Donham et al. (1985) added that leaky waterers in facilities that utilize water with high concentrations of sulfate (> 150 mg/L) may contribute significantly to total manure sulfide. Additional sources of sulfates in the manure stream may be detergents in washwater and disinfectants in footbaths.
OBJECTIVES
The objectives of this research project were to: (1) determine the various sulfur-containing compounds and their concentrations in collected air samples from above stored manure and in surface liquid manure samples from stored swine and dairy manure; (2) correlate these sulfur compound concentrations to type of manurehandling/storage system, specie, and time (length of storage); and (3) correlate these sulfur compound concentrations to each other.
PROCEDURES
Air and liquid sulfur compounds were studied with three methods of manure-handling/storage: a batch study (18 samples), a semi-batch study (16 samples), and a field study (18 samples). A total of 52 samples were collected. A batch study was used to determine the decay (or production) rate of the various sulfur compounds. A semi-batch study was used to determine steady-state conditions. A field study was used to identify sulfur compounds and their concentrations and relate these findings to a laboratory setting.
BATCH STUDY
Fresh swine and dairy manure was placed in separate 38-cm-diameter PVC columns (two total, one for each specie) on 26 April 1999, to represent deep-pit systems ( fig. 1 ). Swine manure was collected from a recharged pullplug, gravity-drain system representing a typical gestation/farrowing/nursery facility. Dairy manure was collected from a recycled flush system representing a typical dairy facility. Manure depth was 87 and 61 cm (99 and 69 L total volume) for the swine and dairy columns, respectively. No additional manure was added to the columns. This single addition allowed the manure to degrade anaerobically without disruption. Air and liquid samples were collected weekly for nine weeks beginning 29 April.
SEMI-BATCH STUDY
Swine and dairy manure from the same source as the batch study was placed in separate PVC columns (two total, one for each specie) on 2 March 1999 ( fig. 1 ). Manure was added through a side port to simulate bottomloading and eliminate surface disturbance on a semiweekly (Monday and Thursday) basis, using 3.8 L per addition to increase manure depth by 2.5 cm with each addition. The first data was collected three weeks after initial manure addition. Air and liquid samples were collected weekly for the next eight weeks. The last data was collected on 12 May.
FIELD STUDY
At various Minnesota livestock operations, air samples over manure and liquid-manure samples were collected to determine whether the laboratory study results were similar to actual field conditions. The operations were chosen randomly to fit sample collections associated with other research projects. Samples were collected from a swine gestation-farrowing deep pit and building; a swine nurseryto-finish building, deep pit, and earthen two-stage basin; a swine grow-finish deep pit (tested with and without distillers dry grain and solubles in the diets); a swine nursery with gravity-drain system before and after aerobic treatment; a swine outdoor lot with runoff-retention pond; a dairy deep pit and earthen basin; and a dairy curtain-sided freestall building.
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SAMPLE COLLECTING
Air samples for the batch and semi-batch study were collected by placing a collection cover over the manure ( fig. 1 ). Charcoal-filtered inlet air was moved over the headspace at 31.0 L/min for 10.0 min before collection to purge existing gases. Air samples for the field study followed the procedures outlined by Schmidt et al. (1999) and Schmidt et al. (2000) . A 10-L Tedlar bag was then filled using a vacuum box. An aliquot of air was transferred from the 10-L bag to a 1-L Mylar-coated Tedlar bag to ensure identical air samples. The liquid samples were collected by using a ladle to skim across the surface of the manure 1 to 2 cm deep to obtain a representative sample at the gaseous interface. Liquid sample was always collected before the air sample was taken to break up the crust or push the crust aside. Due to the high cost of analysis, none of the samples was replicated.
The air sample in the 10-L Tedlar bag was analyzed for odor units using dynamic olfactometery and for total reduced sulfur (TRS) concentration using a Jerome® meter at the University of Minnesota Olfactometry Laboratory. Winegar and Schmidt (1998) indicated that the Jerome meter gold-film sensor is affected by sulfides (and mercaptans) other than H 2 S, although field data indicate that the lower response factors for other sulfides in combination with the lower abundance of sulfide other than H 2 S provide for quantitative detection of H 2 S. However, in our study, TRS is defined as the summation of all gaseous unoxidized sulfur compounds, among which H 2 S is by far the majority compound. Within a few hours after collection, the 1-L Mylar-coated Tedlar bag and approximately 20 mL of liquid sample were airfreighted overnight to a commercial laboratory (Performance Analytical, Inc.; Air Quality Laboratory; Simi Valley, California). This laboratory analyzed samples for multiple sulfur compounds (table 1) using gas chromatography with columns specific to the sulfur compounds. Generally, the reporting limit or minimum detection levels for sulfur compounds in air samples ranged from 0.5 to 4.0 ppb and from 10 to 36 µg/kg in liquid samples, depending on concentrations of the various sulfur compounds in the samples.
STATISTICAL ANALYSIS
Analysis of Variance (ANOVA) was performed using manure-handling/storage method, specie, and time as main effects (SAS®, 1988) . Due to limited funding, there were no replications. No interactions were analyzed due to the limited amount of data. Significance of main effects was determined at the 5% level. For statistical comparison, odor units was transformed to log base-two. A Pearson correlation matrix was performed to determine correlation of odor units and the various sulfur compounds in the air and liquid samples. Simple linear regression was performed on those sulfur compounds (H 2 S, DMS, and CS 2 ) affected by time. Table 1 contains the list of possible sulfur-containing compounds and the 20 compounds detected by the analytical laboratory. With gas chromatography, six compounds were detected in the air samples and seven compounds were detected in the liquid samples. The other sulfur-containing compounds were not detected in air samples, possibly because the compounds were not present in the collected air samples or because the gas chromatograph is set up to analyze small sample aliquots. This requires diluting samples to accommodate those compounds with elevated concentration levels, but may also dilute lower concentration compounds to levels below the dynamic range of the instrument (K. Aguilera, Performance Analytical, Inc., personal communication). Additional compounds were not detected in the liquid samples, probably due to interference by other compounds, solids, or debris in the liquid sample.
RESULTS AND DISCUSSION
ANOVA was performed using the main effects of study (batch, semi-batch, or field), specie (swine or dairy) and time (week of collection). Table 2 Table 3 contains the means of the various sulfur compounds that were not significantly affected by the main effects. Even though air DMS concentration was significantly different by handling/storage method (study) and time, there were too few observations to split the data by method. Thus, the concentrations are represented by a single mean. Table 4 lists TRS (detected by Jerome meter) and H 2 S (detected by gas chromatograph) concentrations in air and liquid samples for the three handling/storage methods. Liquid H 2 S concentrations were 10.5, 3.35, and 1.3 mg/L for the batch, semi-batch, and field collection methods, respectively. These concentrations are lower than those found by Donham et al. (1985) , who reported a range of 33 to 275 mg/L of total manure sulfide and a range of 0 to 37 mg/L of soluble sulfides in swine manure collected from 23 confinement operations. They also were below the range of 25 to 75 mg/L reported by Stevens et al. (1993) for sulfide in dairy manure in a laboratory experiment. A possible reason for this difference could be that Donham et al. and Stevens et al. collected mixed manure samples that represented the total manure volume; whereas, in this study liquid samples were collected on the manure surface. Figure 2 contains the relationship of TRS (detected by Jerome meter) concentrations collected versus odor units for the combined data of the three studies (batch, semibatch, and field). Two types of regressions, linear and power curve, were determined to reflect two viewpoints: (1) that odors increase at the same rate as TRS concentrations; or (2) that odor levels plateau at some point, even though TRS concentrations continue to increase. Both models fit the data closely within the range of concentrations tested. The Pearson correlation coefficient between odor units and TRS (detected by Jerome meter) was 0.858 and between odor units and air H 2 S (detected by gas chromatograph) was 0.731, considerably higher than the correlation coefficient of 0.20 determined by Jacobson et al. (1997) when comparing odor units to H 2 S in 60 field air samples. Table 5 contains the Pearson correlation matrix for those sulfur compounds that could be correlated. Most of the sulfur compounds, both in the air and liquid samples, were not significantly correlated. According to Spoelstra (1980) , there are two reasons why sulfur compounds found in manure are not found in air. First, chemical reactions in the air form compounds not found in manure, and second, discrepancies exist between analytical techniques for analyzing air and liquid samples. A third possible reason could be that certain sulfur compounds are ionized or held in solution and do not volatilize.
Using the Spearman correlation, Donham et al. (1985) determined a positive relationship between total sulfides in manure and H 2 S measured in air at 0.66 (P = 0.005). However, in our study, the Pearson correlation was -0.027 1234 TRANSACTIONS OF THE ASAE (P = 0.86) between TRS (detected by Jerome meter) concentration and liquid H 2 S concentration; and the correlation was -0.021 (P = 0.89) between air H 2 S (detected by gas chromatograph) concentration and liquid H 2 S concentration. Figure 3 compares the TRS concentration (detected by Jerome meter) versus air H 2 S concentration (detected by gas chromatograph). The data point (150, 1220) was statistically determined to be an outlier at the 5% level (Weisberg, 1985) and thus was not included in the data set. The overall Pearson correlation was 0.890. Note that H 2 S concentration measured by the gas chromatograph did not increase as TRS concentration measured by the Jerome meter increased to about 435 ppb, based on the intercept of the linear regression. If TRS concentrations less than 400 ppb were deleted (n = 20), then Pearson's correlation would increase to 0.927. A possible reason for this interception of 435 ppb could be that only a finite amount of H 2 S will coat the inside of the 1-L Mylar collection bag during the trip to the analytical lab. However, this was not observed in the 10-L bag analyzed in the Olfactometry Laboratory, presumably because the excess H 2 S remained in the air mixture for concentration determination. A second possible reason could be that H 2 S was lost from the Mylar bag during transit. A third possible reason is that the Jerome meter designated all gaseous sulfur compounds as TRS, while the gas chromatograph specifically targeted the H 2 S molecule.
BATCH STUDY
Air CS 2 was the only compound that varied with time ( fig. 4) . During the nine-week study, the concentration of CS 2 decreased from approximately 50 ppb to less than 10 ppb, following a logarithmic decay rate. The approximate rate of decrease was about 1 ppb/day. In the atmosphere, CS 2 oxidizes in the following manner (Hynes and Wine, 1989) :
then (Elliott et al., 1989) : The liquid concentration of CS 2 , like the concentration of CS 2 in air, also decreased logarithmically over time ( fig. 5 ). Hynes and Wine (1989) indicated that in the absence of oxygen, CS 2 breakdown or the formation of products proceeds slowly, if at all. This leads to the conclusion that the loss of CS 2 in our study is from the liquid to the atmosphere instead of breaking down under anaerobic conditions.
Even though TRS was not significantly affected by time, an apparent maximum TRS (detected by Jerome meter) concentration occurred 30 to 35 days after the columns were filled ( fig. 6 ). Note that the data point (9, 1300) was a statistical outlier at the 5% level (Weisberg, 1985) and thus was not included in the regression. Stevens et al. (1993) reported the maximum concentration of total sulfide occurred within a few days after manure was excreted. However, their report also indicated that manure from high-protein, low-silage diets reached a maximum liquid concentration approximately 60 days after excretion. Their information also suggested that liquid H 2 S concentration decreased at a rate of approximately 0.04 to 0.13 mg/L/day throughout the 12-month study. In our study, liquid TRS concentration was not significantly affected by time; however, a decrease of 0.03 µg/L/day in air samples was observed during the last 25 days of the study ( fig. 6 ).
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SEMI-BATCH STUDY
For the semi-batch study, TRS (detected by Jerome meter) and air H 2 S (detected by gas chromatograph) concentrations were the only sulfur chemicals affected by time and specie ( fig. 7) . Based on the regressions, the rate of TRS or H 2 S increase ranged from 28 to 47 ppb/day. Unfortunately, the study ended before it could be determined when the H 2 S concentration would become constant (steady-state condition). Avery et al. (1975) stated there was no significant difference in H 2 S concentration in air samples collected within a day at eight samples per day, but that H 2 S concentration significantly changed over a three-week period in six swine production units.
Since no other sulfur chemicals were affected by time, the rate of breakdown of these chemicals could not be determined.
FIELD STUDY
Since the field study was a randomized collection of air and liquid samples, no discernable pattern could be found. The information collected is shown in table 6 and summarized in tables 2 through 5. TRS and H 2 S were the only compounds with different levels measured in the field versus the laboratory. Field TRS and air H 2 S concentrations were approximately the same (no significant difference) as those collected in the laboratory for the batch study; however, field TRS and air H 2 S concentrations were approximately half of those collected from the semi-batch study (table 4) .
CONCLUSIONS
Of the 20 sulfur-containing compounds detectable by the analytical laboratory, six compounds were detected in the air samples and seven compounds were detected in the liquid samples. None of the compounds was significantly affected by specie. Air H 2 S (detected by gas chromatograph), DMS, and CS 2 significantly changed with time. Correlation between TRS (detected by Jerome meter) or air H 2 S (detected by gas chromatograph) concentration and odor units was approximately 0.86 to 0.91. H 2 S concentration measured by the gas chromatograph did not increase with TRS concentration for the same air sample at concentrations less than 400 ppb. In the batch study, TRS concentration reached a maximum approximately 30 to 35 days after the beginning of the study. In the semi-batch study, the rate of TRS or air H 2 S concentration increase collected above the manure was approximately 28 to 47 ppb/day. In the 18 air samples collected in the field, TRS ranged from 7 to 2300 ppb and H 2 S ranged from 4 to 1960 ppb, indicating a large range in concentrations. This large range is approximately the same range observed in the batch and semi-batch studies. 
